Abstract. Aerosol-cloud interaction remains a major source of uncertainty in climate forcing estimate.
TEM analysis 132
Individual aerosol particles collected on TEM grids were analyzed by a transmission electron 133 microscope (TEM, JEM-2100, JEOL Ltd., Japan) at a 200 kV accelerating voltage. TEM is equipped 134 with an energy-dispersive X-ray spectrometer (EDS, INCA X-Max N 80T, Oxford Instruments, UK). 135 EDS semi-quantitatively detects the elemental composition of individual particles with atomic number 136 greater than six (Z > 6). However, Cu peaks in the EDS spectra were not considered because of the 137 interference from the copper substrate of TEM grids. We acquired morphology, composition, and 138
mixing state of individual particles through the combination of TEM and EDS (TEM/EDS). 139
The distribution of aerosol particles on TEM grids was not uniform, with particle size decreasing 140 from the center to the edge of the TEM grids. The cloud droplets with larger size normally impacted on 141 the center and interstitial particles distributed the peripheral areas of TEM grids (Li et al., 2011a) . 142
Moreover, the cloud RES had large rims compared with cloud INT, suggesting that the cloud RES were 143 droplets before being captured (Zhang et al., 2006) . According to the distribution and morphology of 144 individual particles on the substrate, we can separate cloud RES and cloud INT particles. 
Results

159
Meteorological conditions and backward trajectories 160
Temporal variations of pressure (P), relative humidity (RH), temperature (T), wind speed (WS), 161 wind direction (WD), and PM2.5 concentration were measured on Mt. Tai from 22 July to 2 August 2014 162 (Fig. 3) . During the sampling period, the temperature ranged from 12.6 to 29.4 °C , and the RH varied 163 between 48.2% and 100%. Each day during the sampling period, the RH reached 100% as temperatures 164 decreased from the late afternoon into the evening (Fig. 3) . We noticed that PM2.5 concentrations on the 165 mountaintop were closely related to wind direction and speed during the regional transport of hazes. 166
Based on backward trajectories of air masses and PM2.5 concentrations, the whole sampling period can 167 be divided into three categories: clean period (PM2.5 < 15 μg m −3 ), the prevailing winds were from the 168 northeast to east and air masses were from higher altitudes above the marine areas which lead to the 169 lowest PM2.5 concentration; lightly polluted period (15 μg m −3 < PM2.5 < 35 μg m −3 ), the prevailing 170 winds were from the west, and air masses originating from higher altitudes above continental areas 171 brought regional pollutants to the summit of Mt. Tai; polluted period (PM2.5 > 35 μg m −3 ), air masses 172 originating from northwest, southwest, or south went through Tai'an city. Back trajectories as shown in 173 polluted, and polluted periods on Mt. Tai. In clean periods, S-rich particles had the highest proportion 210 (78%), followed by a 22% contribution of the refractory and S-refractory particles. This may be 211 attributed to the clean air masses that originated from the clean marine area and arrived at the summit of 212
Mt. Tai through high-altitude transport (above 1500 m) (Fig. 1) . Because the air masses did not contact 213 the ground surface, the local anthropogenic pollutants (e.g., soot, fly ash, and metal) could not be lifted 214 to the summit of Mt. Tai. Hence, secondary particles like S-rich were dominant in the clean period. In 215 the lightly polluted and polluted periods, the fraction of S-rich particles decreased to 59% and 44%, 216 respectively; meanwhile, the fractions of refractory and S-refractory increased up to 41% and 56%, 217 respectively (Fig. 6) . The backward trajectories suggest that these air masses went through the most 218 heavily polluted areas before they arrived at the mountaintop (Fig. 1) . Air masses on two polluted days 219 (e.g., 22 and 31 July) were lifted from ground level to the atmospheric boundary layer. Our study shows 220 that number fractions of refractory and S-refractory particles significantly increased from clean to 221 polluted periods (Fig. 6 ). This result shows that large amounts of primary refractory particles from 222 ground-level anthropogenic sources were lifted into the upper air and were further internally mixed with 223 S-rich particles. 
Comparisons of cloud RES and INT particles 227
During the sampling period, a fog monitor was used to measure the size of cloud droplets during 228 cloud events (Li et al., 2017a). This study reveals that in the cloud events all the cloud droplets 229 displayed particle size larger than 2 μm in which size range the interstitial particles were absent. (Fig. S3a) . Interestingly, we found that 76% of cloud RES were a mixture of sulfates and 243 refractory particles, 3.5 times higher than 22% in cloud INT (Fig. 7a) . Furthermore, 26% of cloud RES 244 had two or more types of inclusions (i.e., S-fly ash/metal-soot in Figs. 4d and 5d ) but only 3% of cloud 245
INT did. Therefore, we can conclude that cloud RES are an extremely complex mixture that forms when 246 cloud droplets act like a collector to scavenge these refractory particles. 247
The size-resolved number fractions of different particle types in cloud RES and cloud INT indicate 248 that S-rich particles were predominant from 60 nm to 1.2 μm in cloud INT (Fig. S3a) , and S-refractory 249 particles (indicated by the red box) dominated from 400 nm to 5.5 μm in cloud RES (Fig. S3b) . 
Discussion
258
TEM observations in this study reveals that cloud RES contained large amounts of 259 refractory-containing particles primarily emitted from various anthropogenic sources in the heavily 260 polluted NCP. As much as 76% of cloud RES were identified as S-refractory particles (Fig. 7a) . We 261 found that soot-containing particles (i.e., S-soot and S-fly ash/metal-soot) were the most abundant (62%) 262 among the cloud RES, followed by the relatively abundant fly ash/metal-containing particles (i.e., S-fly 263 ash/metal and S-fly ash/metal-soot, 37%) compared with 18% and 7% in the cloud INT, respectively 264 ( could reduce precipitation, the non-precipitating clouds in the NCP tend to evaporate back to aerosol 292 particles by solar radiation. We believe that abundant BC particles presenting in the cloud droplets in the 293 heavily polluted NCP in this study (e.g., particle 1 and 2 in Fig. 8 Germany. For this study, how the soluble anthropogenic TMIs drive sulfate formation through TMI 320 catalysis in micro-cloud droplets is still a mystery in polluted air. We propose that anthropogenic TMI 321 catalysis contributing to sulfate production should be further considered in cloud droplets in the polluted 322
NCP. 323
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